Plague is a deadly disease caused by Yersinia pestis. Human plague can be effectively controlled by timely antibiotic administration, chloramphenicol being a drug of choice. In this study, a DNA microarray was used to investigate the gene expression profile of Y. pestis in response to chloramphenicol. Seven hundred and fifty-five genes were differentially expressed on chloramphenicol treatment: 364 genes were up-regulated and 391 were down-regulated. In addition to a large number of genes encoding unknown or unassigned functions, genes encoding the components of the translation apparatus, cell envelope and transport/binding functions were strongly represented amongst the induced genes. Genes encoding proteins involved in energy metabolism and synthesis and modification of macromolecules were strongly represented amongst the down-regulated genes. A number of heatshock genes were also repressed. These global transcriptional changes provide an insight into the mechanisms of action of chloramphenicol against Y. pestis.
Introduction
Plague, caused by Yersinia pestis, is a zoonotic disease that primarily affects rodents and is usually transmitted by flea biting Gage & Kosoy, 2005) . The maintenance of plague in nature is absolutely dependent on cyclic transmission between fleas and rodents. Cases of human plague occur with the transmission of the pathogen from rodents or fleas to humans. Plague is one of the most devastating diseases in human history and has caused social devastation on a scale unmatched by any other infectious agent. Stable enzootic foci of plague have been found around the world, now mainly in Asia, Africa and the Americas. As a result of its respiratory transmission by pneumonic plague patients and its potential as a weapon of bioterrorism, plague remains a significant concern to public health. Plague has been classified by the World Health Organization as a re-emerging infectious disease because of an increase in the number of human plague cases.
Timely antibiotic administration is effective against plague. Streptomycin, chloramphenicol and tetracycline, alone or in combination, are the preferred drugs for the treatment of plague (Meyer, 1950) . Streptomycin is the drug of choice (Meyer, 1950; Zaini, 1952) . Chloramphenicol is also of value, particularly for patients with plague meningitis, as this drug readily crosses the blood-brain barrier (Crook & Tempest, 1992) . Both streptomycin and chloramphenicol are translation inhibitors. Streptomycin irreversibly binds to the 30S ribosomal subunit to inhibit protein synthesis and causes misreading of mRNA (Spickler et al., 1997) . Chloramphenicol inhibits protein synthesis by binding to the bacterial 50S ribosomal subunit and inhibiting peptidyl transferase (Schlunzen et al., 2001) .
Two clinical antibiotic-resistant strains of Y. pestis have been reported recently (Galimand et al., 1997; Guiyoule et al., 2001) . Each has acquired a different conjugative plasmid. One plasmid encodes resistance to all antibiotics of choice for the treatment of plague (Galimand et al., 1997) , whereas the other carries only the streptomycin resistance genes (Guiyoule et al., 2001) . Yersinia pestis can acquire antibiotic resistance plasmids from unrelated bacterial donors at high frequency during growth in flea vectors (Hinnebusch et al., 2002) . The emergence and spread of antibiotic resistance amongst natural populations of Y. pestis would render traditional antibiotics ineffective for plague treatment. Thus, it is important to obtain a better understanding of the molecular mechanisms of action of traditional antibiotics. Moreover, it is also important to find novel targets for drug development for this deadly pathogen. Previously, we used a DNA microarray to study the gene expression profile of Y. pestis induced by streptomycin (Qiu et al., 2005) . Here, we present a report on the global transcriptional responses of Y. pestis to treatment with chloramphenicol, in order to provide further insight into the molecular mechanisms of action of this drug against Y. pestis, and to produce a useful dataset for new drug development.
Materials and methods

Bacterial strain and minimal inhibitory concentration (MIC) determination
Yersinia pestis strain 201 used in this study is avirulent to humans, but is highly lethal to mice (Zhou et al., 2004b; Qiu et al., 2005) . MIC was determined by the broth dilution method (Russell et al., 1998) . The tests were performed in sterile glass tubes with an initial inoculum of approximately 10 5 CFU of Y. pestis cells (overnight cultures) in 1 mL of the chemically defined by the modified medium of Higuchi and Carlin (TMH) medium (Straley & Bowmer, 1986) per tube. Chloramphenicol (Amresco) was dissolved in ethanol, and serial dilutions were made to give a final concentration range of 0.1-128 mg mL À1 . Bacteria were then cultured at 28 1C for 20 h. MIC was defined as the lowest concentration that prevented the development of visible growth.
Bacterial growth and RNA isolation
An overnight culture of strain 201 in TMH (A 620 $0.8) was used to inoculate fresh TMH medium and allowed to grow at 26 1C until the exponential growth phase (A 620 $0.8). For antibiotic treatment, the above culture was heated to 37 1C and incubated for 30 min with 10 Â MIC (40 mg mL À1 ) of chloramphenicol. Control cultures were allowed to grow at 37 1C for the same period of time with the addition of the same volume of ethanol. Bacterial cells were mixed with RNA Protect Bacteria Reagent (Qiagen) to minimize RNA degradation immediately before harvesting for RNA isolation. A MasterPure TM RNA Purification Kit (Epicenter) was used to purify total RNA. RNA quality was monitored by agarose gel electrophoresis and RNA quantity was measured by UV spectrophotometry. Two independent bacterial cultures for each test or control condition were prepared as biological replicates for RNA isolation.
Microarray expression analysis
The details of microarray analysis have been described previously (Qiu et al., 2005) . Briefly, 20 mg of total RNA was used to synthesize cDNA in the presence of aminoallyldUTP, genome-directed primers (GDPs) and random hexamer primers with the Superscript II System (Invitrogen). Cy5 or Cy3 monofunctional dye (Amersham) was then used to label the aminoallyl-modified cDNA. Two separate labeled samples were made for each RNA preparation as technical replicates. Dye swaps were made to avoid labeling bias. Glass slides spotted with PCR amplicons representing about 95% of nonredundant annotated genes or ORFs of Y. pestis CO92 and 91 001 were used for probe hybridization (Zhou et al., 2004a) . The scanning microarray images were processed and the data were further analyzed using GENEPIX PRO 4.1 software (Axon Instruments). Spots were analyzed by adaptive quantization, and the local background was subsequently subtracted. Spots with a background-corrected signal intensity (median) in both channels of less than twice the background intensity (median) were rejected from further analysis. Data normalization was performed on the remaining spots by total intensity normalization methods. The normalized log 2 ratio of the test/reference signal for each spot was recorded. Significant changes in gene expression were identified with Significance Analysis of Microarrays (SAM) software (Tusher et al., 2001) .
Results and discussion
Overview of transcriptional profiling
The MIC value of Y. pestis strain 201 vs. chloramphenicol was determined as 4 mg mL
À1
. Treatment of strain 201 with 10 Â MIC of chloramphenicol resulted in significant transcriptional changes of 755 genes: of these, 364 genes were upregulated and 391 were down-regulated (Tables S1 and S2) . These differentially expressed genes were further classified into different functional categories on the basis of the genomic annotation of Y. pestis CO92 (Fig. 1) . A large collection of genes encoding components of the translation apparatus and cell envelope were amongst the most significantly induced genes. The dominant down-regulated genes included those responsible for energy metabolism and synthesis and the modification of macromolecules. The 135 differentially expressed genes with unknown or unassigned functions will provide novel insights into the unknown mechanisms of action of chloramphenicol against Y. pestis. They will be useful starting points in the identification of new targets for antimicrobial chemotherapy.
Translation apparatus
Chloramphenicol, as a translation inhibitor, induces the cell to synthesize more ribosomes, in order to reduce the turnover and degradation of existing ribosomes (Schlunzen et al., 2001) . Consistent with this function, chloramphenicol treatment significantly induces the transcription of genes involved in the biosynthesis and modification of ribosomal proteins. Previous reports have demonstrated that treatment of the Gram-negative bacteria Escherichia coli (VanBogelen & Neidhardt, 1990) and Haemophilus influenzae (Evers et al., 2001) , as well as the Gram-positive bacterium Streptococcus pneumoniae (Ng et al., 2003) , with translation inhibitors increases the relative synthesis rate of only a portion of ribosomal proteins encoded by each species. In this study, we used a high concentration (10 Â MIC) of chloramphenicol as a stress on Y. pestis, and found that nearly the whole cluster of genes encoding ribosomal proteins (50 of a total of 54) were up-regulated. It was interesting that, in addition to the ribosomal proteins, genes encoding other components of the translation apparatus were also up-regulated. Seven genes (poxA, proS, trmU, pth, pheS, glnS and tgt) involved in the synthesis and modification of aminoacyl tRNA synthetases, eight genes (YPO1284, fusA, tufA, tsf, tufA, infC, infB and ppiC) responsible for protein translation and modification, and eight genes (YPO0071, rpoA, rluC, rpoE, nusA, greA, nusG and rpoH) in charge of the synthesis and modification of RNA were also induced on exposure to chloramphenicol. From these results, it can be concluded that chloramphenicol induces the expression of almost all types of component of the translation apparatus. This appears to be a feedback response of Y. pestis to this translation inhibitor, resulting from the turnover of the translation apparatus.
Drug/analog sensitivity
In E. coli, the plasmid-borne terZABCDE operon that encodes tellurium resistance proteins is associated with resistance to tellurium, bacteriophage and colicins (Whelan et al., 1995) . Treatment with streptomycin induced the expression of terZABC in Y. pestis (Qiu et al., 2005) . In this study, terDE was up-regulated, suggesting that ter genes are associated with protection against cellular damage caused by antibiotic agents. Two genes (YP0976 and YP0978 according to the genome annotation of Y. pestis 91 001; Song et al., 2004) that encode an ATPase and a permease component of the ABCtype multidrug transport system, and one gene (acrA) for a multidrug efflux protein, were down-regulated in response to chloramphenicol, which is similar to our previous result with streptomycin treatment (Qiu et al., 2005) . It seems that the ter operon and genes (YP0976 and YP0978) are regulated antagonistically in Y. pestis on exposure to the two translation inhibitors chloramphenicol and streptomycin.
Stress-responsive proteins
When translation inhibitors were added to E. coli culture at 37 1C, the induction of either heat-shock or cold-shock proteins was observed, depending on whether the A site of the ribosome was empty or occupied ( Neidhardt, 1990). Antibiotics that induced a heat-shock response (e.g. streptomycin and neomycin) were designated as H-group antibiotics, whereas antibiotics that induced a cold-shock response (e.g. chloramphenicol and tetracycline) were designated as C-group antibiotics (VanBogelen & Neidhardt, 1990) . Treatment of Y. pestis with streptomycin up-regulated the heat-shock genes, but down-regulated the cold-shock genes (Qiu et al., 2005) . In this study, the expression of 12 heatshock genes (groES, dnaK, dnaJ, hslV, hslU, hslO, htpG, groEL, rpoH, rpoE, ibpA and ibpB) was repressed by treatment with chloramphenicol, whereas two major cold genes (cspa2 and csdA) were induced. These results are consistent with the fact that streptomycin and chloramphenicol are Hand C-group antibiotics, respectively (VanBogelen & Neidhardt, 1990) , and that cold-shock and heat-shock genes are regulated antagonistically in Y. pestis .
The pspFABCD locus encoding the phage shock proteins was initially identified in E. coli on infection with filamentous phage (Model et al., 1997) . Further studies have shown that it helps to ensure the survival of this bacterium under various stress conditions, such as alkaline pH at late stationary phase, high temperature, high osmolarity and ethanol/organic solvent exposure (Darwin, 2005) . The expression of pspABC was induced in Y. pestis on exposure to streptomycin (Qiu et al., 2005) , and also on exposure to chloramphenicol in this study. Thus, both streptomycin and chloramphenicol up-regulate the psp locus.
Catalase and catalase-peroxidase (KatA and KatY, respectively, in Y. pestis) destroy H 2 O 2 and O 2 À generated by hosts during phagocytosis or by bacteria themselves. The transcription of katA and katY was repressed by more than seven-fold on treatment with chloramphenicol. The obviously decreased expression of these two genes may be a threat to the survival of Y. pestis in host-responding environments, which may be an indirect mechanism of action of chloramphenicol in the treatment of plague.
Hms and Ymt
The chromosomally borne haemin storage (hms) locus comprises three distinct operons, hmsHFRS, hmsT and hmsP (Lillard et al., 1997; Jones et al., 1999; Kirillina et al., 2004) . The hms-dependent biofilm formation phenotype is important for the transmission of Y. pestis by the flea vector (Darby et al., 2002; Hinnebusch, 2003; Jarrett et al., 2004) . The expression of plasmid pMT1-encoded ymt is another prerequisite for the maintenance of Y. pestis in fleas (Hinnebusch et al., 2000) . Our microarray analysis showed that hmsFRS and ymt were down-regulated on treatment with chloramphenicol. It appears that this treatment not only restrains the growth and proliferation of Y. pestis, but also affects the maintenance of Y. pestis in flea vectors.
Cell envelope
In response to chloramphenicol, 97 genes related to the cell envelope showed a change in expression. Changes in the expression of a large set of cell envelope genes suggest a 'lethal mechanism' of chloramphenicol. However, the remodeling of the cell envelope may be one of the ways in which Y. pestis responds to membrane disruptions caused by the drug.
Transport/binding proteins
The expression of 70 genes encoding transport/binding proteins changed on exposure to chloramphenicol, including genes encoding permeases, ABC transporters and transport proteins of carbohydrates, cations and anions. Thus, Y. pestis may modulate cell membrane-dependent transport functions in response to chloramphenicol. However, chloramphenicol may slow down the ability of Y. pestis to acquire certain kinds of amino acids, cations and carbohydrates by affecting transport/binding proteins.
Metabolism-related functions
The addition of chloramphenicol repressed the transcription of a large number of genes involved in energy metabolism, central intermediary metabolism and the synthesis/ degradation of small molecules and macromolecules. The most significant change was the down-regulation of 41 genes responsible for energy metabolism. These could be grouped into 10 functional categories: aerobic respiration (14 genes), tricarboxylic acid cycle (10), electron transport (4), pentose phosphate pathway (3), fermentation (2), glycolysis (2), glyoxylate bypass (2), pyruvate dehydrogenase (2), EntnerDoudoroff pathway (1) and anaerobic respiration (1). Notably, the glgPACXB operon, responsible for glycogen synthesis, was down-regulated by 4-to 17-fold. It was hypothesized that the decreased accumulation of cytoplasmic glycogen would destroy the original volume of the Y. pestis cytoplasm. The transcriptional changes in energy metabolism and glycogen synthesis detected here are similar to those in response to streptomycin (Qiu et al., 2005) . This further demonstrates that the repression of various mechanisms of cellular metabolism in Y. pestis after drug treatment is likely to be a common response reflecting growth arrest, and is not specific to the organism or drug.
Broad regulatory functions
Thirty-eight genes involved in broad regulatory functions showed a change in expression. Transcriptional changes in these genes may have pleiotropic effects, and hence may significantly influence drug-cell interactions for the arrest of bacterial growth. For instance, the MerR family has been found in a wide range of bacteria. One of the major roles played by the MerR family is the activation of drug transport proteins (Newberry & Brennan, 2004) . The Y. pestis MerR family regulator YPO0236 was found to be up-regulated by more than five-fold in this study. Whether this regulator is associated with protection against chloramphenicolinduced damage is worthy of further investigation.
Plasmid-borne genes
The typical Y. pestis strain contains three plasmids: pPCP1, pCD1 and pMT1. All three plasmids play roles in different stages of Y. pestis pathogenesis Zhou et al., 2006) . The Y. pestis strain 201 used in this study contains another plasmid, pCYR, harboring a type IV secretion system (Song et al., 2004) . Forty-nine plasmid genes, including 27 genes on pCD1, 10 on pMT1, three on pPCP1 and nine on pCYR, were differentially expressed on exposure to chloramphenicol. Of these, pla, ymt and the 18 genes belonging to the pCD1-borne type III YOP secretion system have been proven to play a role in plague pathogenesis in mammalians or in the transmission by fleas Zhou et al., 2006) . Whether the transcriptional changes detected here affect the virulence of this bacterium requires further investigation.
